Two important aspects of striatal function, exploratory behaviour and motor co-ordination, require the integrity of the dopamine D 4 receptor subtype. These receptors are also implicated in the pathophysiology of certain neuropsychiatric disorders. However, the distribution of D 4 receptors in the striatum has not yet been described and this situation impairs our understanding of the anatomical substrate in which D 4 receptors function. We developed a D 4 receptor-speci®c antibody that has permitted us to investigate the regional and cellular localization of the receptor in the neostriatum of the rat, mouse, cat and monkey. The subcellular distribution and the synaptic organization of this receptor were also determined in the rat striatum. We found moderate levels of D 4 receptor expression in the caudoputamen 1 and lower levels in the nucleus accumbens. These receptors were expressed in cell bodies and in the neuropil and were heterogeneously distributed among different striatal compartments, being more abundant in striosomes than in the matrix. At the subcellular level, the receptor immunoreactivity was mainly localized to dendritic shafts and spines. The prominent immunoreactivity observed in the striosomes indicates that integrative processes involved in D 4 -mediated limbic behaviours occurs through the striosomes rather than accumbens, whereas the motor behaviour is based in the striatal matrix.
In the basal ganglia, dopamine is needed for a diversity of functions including motor control, cognition, motivation and emotional processing. Alterations in dopaminergic transmission are associated with Parkinson's disease, schizophrenia, drug abuse and personality disorders. Dopamine exerts all these functions through its interaction with five different receptor subtypes, which are widely distributed in the CNS. These receptor subtypes have been grouped in two different classes according to their effects on the formation of cAMP (Kebabian and Calne 1979) , the stimulatory D 1 -class, which includes D 1 and D 5 receptor subtypes, and the inhibitory D 2 -class, which includes D 2 , D 3 and D 4 receptor subtypes. It has been shown that activation of these two receptor families results in opposite biochemical and/or behavioural effects (Sibley and Monsma 1992; Civelli et al. 1993; Missale et al. 1998) . Thus, in a normal state, the simultaneous activation of these receptors by endogenous dopamine results in a balanced effect so that the control of movement and emotional state is finely tuned. Several pharmacological studies using specific ligands have identified a number of functions mediated by different dopamine receptor subtypes (Civelli et al. 1993; Sokoloff and Schwartz 1995) . However, the functions mediated by the D 4 receptor subtype of the D 2 -class family (Van Tol et al. 1991) remain largely unknown, in part as a result of the low expression levels of this receptor in the brain compared with D 1 and D 2 receptor subtypes. Nevertheless, the affinity of dopamine for this receptor subtype appears to be at least 30 times higher than for the other receptor subtypes (Van Tol et al. 1991) , an observation that underscores its importance in the brain.
Studies involving D 4 receptor knock-out mice have revealed the fundamental requirement 2 of D 4 receptors for complex behaviours mediated by the limbic system including Ônovelty seeking behaviourÕ (Dulawa et al. 1999) , and for the control and co-ordination of movement mediated by the motor striatum (Rubinstein et al. 1997) . Although the distribution of this dopamine receptor subtype has been studied using RT-PCR (Van Tol et al. 1991; Matsumoto et al. 1995; Surmeier et al. 1996) , ligand binding (Primus et al. 1997; Tarazi et al. 1998; De La Garza and Madras 2000 3 ; Defagot et al. 2000) , in situ hybridization (MeadorWoodruff et al. 1997) and immunocytochemistry (Mrzljak et al. 1996; Ariano et al. 1997; Defagot et al. 1997; Lanau et al. 1997; Mauger et al. 1998) , establishing the precise localization and subcellular distribution of this important protein in the striatum has been difficult to achieve and remains undetermined. However, this information is crucial to understand the role of D 4 receptors in the physiology of the dopaminergic system.
For this reason, we developed a specific polyclonal antibody against the D 4 subtype of dopamine receptors and we used it for immunohistochemical studies (Khan et al. 1998) . In the present study, we show that the D 4 receptor protein is distributed differentially in the two compartments of the striatum (i.e. striosomes/patches and matrix) in primates as well as in rats and mice, being more abundant in the striosomes than in the matrix. In addition, we have examined the synaptic distribution of this receptor in the striatum by electron microscopy and found that it is localized in the post-synaptic element.
Materials and methods

Animals and tissue preparation
Twenty adult male rats (Wistar), six male mice (OF1), two cats and one monkey (Macaca nemestrina) were used. Rodents were obtained from the animal facility at the Cajal Institute, other animals were obtained from Charles River Laboratories Inc. (Wilmington, MA, USA). Animals were anaesthetized with Pentobarbital and perfused transcardially with 0.1 M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in phosphate buffer (PB). Brains were then removed and post-fixed in the same fixative for 3 h or overnight at 4°C, cryoprotected in a solution of phosphate-buffered sucrose (30%) and frozen in dry ice. Complete rostro-caudal series of coronal sections (25 or 40 lm) were cut with a freezing microtome (CM 1325; Leica, Wetzlar, Germany) 4 and stored in 0.02% sodium azide in 0.1 M PBS until used for immunohistochemistry. For electron microscopy studies, animals were perfused with 4% paraformaldehyde and 0.1% glutaraldehyde. Immediately after fixation, serial coronal sections (40-lm thick) were cut with a vibratome (VT 1000 M; Leica). Sections were then collected in PBS and processed for immunocytochemistry the same day.
Immunocytochemistry for light microscopy
We have used a specific polyclonal rabbit antibody against the dopamine D 4 receptor developed in our laboratory (Khan et al. 1998) , diluted 1 : 200±1 : 800. The antibody was purified with affinity columns prepared with the peptide against which it was raised. As a marker for striosomes we used a polyclonal rabbit antiserum against the rat l-opioid receptor 1 (MOR1; 1 : 50 000 dilution), provided by Dr R. Elde (University of Minnesota, MN, USA). For the matrix we used a polyclonal rabbit antiserum against calbindin D 28k (1 : 3000 dilution), provided by Dr Emson (Medical Research Council, Cambridge, UK). Free-floating sections were stained according to standard avidin-biotin immunocytochemical protocols. Sections were pre-treated for 10 min with 3% H 2 O 2 , blocked for 1 h with 5% normal goat serum (NGS) in PBS, and then rinsed in PBS. Primary antibodies were diluted in 0.1 M PBS, pH 7.4 with 0.2% Triton X-100, 1% NGS and 0.1% sodium azide. Incubation with primary antibodies was carried out at 4°C for 24 or 72 h; followed by incubation in the secondary antibody, biotinylated goat anti-rabbit IgG (diluted 1 : 500; Vector Laboratories, Burlingame, CA, USA), and incubation in peroxidase-conjugated streptavidin diluted 1 : 8000 (Zymed Laboratories Inc., South San Francisco, CA, USA). Both incubations were carried out for 1 h, at room temperature 5 (22°C) and sections were washed three times for 10 min each in PBS between incubations. The peroxidase reaction was developed in 0.05% diaminobenzidine (DAB) and 0.002% H 2 O 2 , and the staining was intensified with 0.08% nickel ammonium sulphate.
Two-colour dual antigen immunostaining was carried out to visualize D 4 -positive cells in the striosomal compartment labelled with MOR1 antibody. We used a previously described protocol (Moratalla et al. 1996; Gardier et al. 2000) . First, D 4 was detected using immunoperoxidase staining enhanced with nickel ammonium sulfate, which yields a dark purplish colour. Sections were then washed, and MOR1 immunocytochemistry was processed using immunoperoxidase and DAB, yielding a brown colour. Sections were mounted on gelatine-coated slides, dried, dehydrated with ethanol, cleared in xylene and coverslipped with DPX mounting medium. The following controls were performed for D 4 receptor immunohistochemistry: (i) the primary antibody was omitted; (ii) before incubation with the antigen, the primary antibody was preabsorbed with the peptide that it was raised against; (iii) pre-immune sera was used instead of D 4 receptor antibody. Under these control conditions, immunostaining was abolished in all brain areas.
Immunocytochemistry for electron microscopy The same immunohistochemical protocol described above was used for the electron microscopy (EM) studies, except that Triton X-100 was eliminated from all the steps. Immediately after the DAB reaction, sections were post-fixed for 1 h with 1% osmium tetroxide in 0.1 M PB, pH 7.4, dehydrated in an ascending series of ethanol dilutions, contrasted in the dark for 30 min with 1% uranyl acetate in 70% ethanol and immersed in propylene oxide (Sigma, Madrid, Spain) 6
. Sections were then embedded in Durcupan resin (Sigma) overnight, mounted on glass slides and cured at 60°C for 48 h. Areas of interest were cut out from slides and mounted on resin blocks. Ultrathin sections were obtained with an ultramicrotome (ReichertJung Ultracut, Leica) 8 , contrasted with 0.25% lead citrate in 0.1 M NaOH and examined in a Philips CM 100 electron microscope.
Quantitative analyses
The number of D 4 -receptor immunoreactive cells was quantified and compared between the striosomes and the surrounding matrix throughout the rostro-caudal, latero-medial and dorso-ventral axes of the rat striatum. Five different rostro-caudal series of coronal sections were counted. Three complete series of the same rat brain were performed with different D 4 antibody dilutions, and the other two series were from different animals. For the rostro-caudal axis, samples were taken from rostral, middle and caudal portions of the striatum. To quantify the latero-medial and dorso-ventral axes, each coronal section was divided in four quadrants: dorso-lateral (DL), dorso-medial (DM), ventro-lateral (VL) and ventro-medial (VM), as indicated in Fig. 3(b) . Cell counts and measurements of the striatal areas were performed for both compartments with the aid of an image analysis system Visolog 5.1.1 (Noesis, Paris, France) 9
. Before counting, images were thresholded at a standardized grey-scale level empirically determined by two independent observers to allow detection of stained cells from low to high intensity, with suppression of very lightly stained cells. The number of positive cells was determined in a given striosome and in the matrix area next to it. Striosomal and matricial cell counts were always performed by grouping them in pairs (one striosome and the adjacent matrix). In total, about 120 of such pairs were counted. Statistical differences between D 4 -positive cells in the striosomes and in the matrix were determined using a standard analysis of variance with the level of significance set at p < 0.05. Monte Carlo simulation methods were performed to determinate the existence and direction of density gradients, as well as to determine the probability associated with these gradients.
Results
Heterogeneous D 4 receptor expression in the rat striatum Sections of the rat striatum stained with affinity-purified antibody against D 4 receptors showed numerous mediumsized positive neurones and a prominent stained neuropil in the caudoputamen. In spite of the staining in the neuropil, single neurones could be easily identified because of the stronger labelling in the perikarya. Labeling of D 4 receptors in the striatum was weaker than in other areas of the brain such as cortex, hippocampus or amygdala, but a moderate quantity of label was present in numerous striatal neurones. Lesser intensity of immunoreactivity (IR) was observed in the shell and core parts of the nucleus accumbens, and no signal was detected in the olfactory tubercle or in the septum, see Fig. 1 
(a1±c1).
There was moderate specific label in the fibers of the corpus callosum and in the external capsule, in particular in the horizontal fibers. Corpus callosum was stained with higher intensity than external capsule. The label observed in these two regions was very similar to that detected in the fibre bundles of the striatum. This may be an indication of the anterograde D 4 receptor protein transport from the pyramidal cells through cortico-cortical projections or to their projection in other areas of the brain, see Fig. 1 (a1±c1). High magnification of D 4 -receptor-containing neurones in the caudoputamen revealed a discontinuous labelling in the cytoplasm, with a patchy appearance (Fig. 2b) . Initial portions of the dendrites were often immunostained; more distal portions were often observed, not necessarily attached to cell bodies, indicating that the soma was in a different plane. The labelled cells displayed characteristics of mediumsized striatal neurones, but not all D 4 -positive neurones were labelled with the same intensity. The majority of the cells were labelled with low±moderate intensity, and for some of them primary dendrites were also visible. However, a small population of cells were intensively labelled. These cells were sparsely distributed throughout the dorsal striatum (Figs 2b±d).
Interestingly, the observed anatomical distribution of D 4 receptor-containing neurones is not homogeneous throughout the striatum. We identified a strong latero-medial and dorso-ventral density gradient, with higher expression of these receptors in neurones and neuropil in the dorsal and lateral striatum than in the ventral and medial parts, see Fig. 1(a1±c1) . In addition there is a moderate rostro-caudal density gradient, with lower expression measured in the rostral rather than in the caudal striatum.
D 4 IR was also found enriched in patches. These patches were found to be in good register with striosomes, identified in the same or adjacent sections by immunocytochemistry for MOR1 (Figs 1 and 2a) . To determine if all D 4 patches corresponded to striosomes, a series of between four and six adjacent sections were stained in alternation with anti-D 4 and anti-MOR1. We found a 100% correspondence between the numbers of striosomes labelled with D 4 receptor antiserum and those labelled with anti-MOR1. This correspondence was seen throughout the rostral-caudal axis, in both caudoputamen and nucleus accumbens. Because of the smaller size of caudal striosomes, correspondence in this region was either studied in series consisting of three or more sections or by dual antigen immunolabelling of the same section. This correspondence applied also to the shape and size of the striosomes.
High-density patches of D 4 receptors were characterized by the following criteria: higher than in the matrix (Table 1) and achieved statistical significance. In each pair (striosome and matrix), the ratio of neurones giving a positive result for D 4 IR was 2±3-fold higher in striosomes than in thematrix. The mean number of D 4 -positive neurones in the striosomes was 544.4 75 neurones/mm 2 versus 213.6 29 neurones/mm 2 in the matrix. In the five series of sections analysed, the ratio between the number of D 4 -positive cells in the striosomes and in the matrix was 2.5.
We also measured the size of D 4 -expressing cells in the striosomes and matrix. The mean cell diameter in each compartment was 10.5 1.4 lm (n 300). These measurements exhibited a standard Gaussian distribution indicating the existence of only one population of D 4 -positive cells, which corresponds to the medium-sized neurones in the striatum.
To investigate the existence of a rostro-caudal density gradient we analysed the number of D 4 -positive neurones per mm 2 in the rostro-caudal axis in striosomes and in the matrix. In the striosomal compartment, the number of D 4 -positive neurones was 518.2 121 in the rostral sections, 551.1 128 in the middle sections and 563.8 126 in the caudal sections. In the matrix compartment, the number of D 4 -positive neurones per mm 2 was 192.9 67 in rostral sections, 215.9 74 in middle sections and 228.4 81 in caudal sections. Although the numbers of D 4 immunoreactive cells in both compartments at rostral, middle and caudal levels looked similar (Fig. 3a) , the probability associated with an increased density gradient through the rostro-caudal axis was 0.58 for the striosome compartment and 0.69 for the matrix compartment. These results suggest that there is a small density gradient of D 4 -receptor expression, with a lower density measured in the rostral region than in the caudal region, and that this gradient is more evident for the matrix compartment.
In order to study the latero-medial and dorso-ventral density gradients, the striatum was divided into four quadrants. The regions considered were DL, VL, DM and VM (Fig. 3b) . In the striosomal compartment, the number of Heterogeneous D 4 receptor distribution in the mouse and monkey striatum, but not in the cat striatum To determine whether the distinct D 4 receptor distribution pattern that we observed in the rat striatum was speciesspecific, similar immunohistochemistry experiments were carried out in mice, cats and monkeys. In the mouse striatum, expression of D 4 receptors was identical to that described for the rat (data not shown). As in the rat, expression of D 4 receptor was highest in the dorsal rather than ventral striatum, with a mosaic pattern of distribution characterized by greater immunoreactivity in the patch compartment compared with the matrix. In the monkey, dopamine D 4 receptors were heterogeneously distributed in the caudate nucleus and putamen (Fig. 4a) . Both nuclei displayed areas that differ with respect to the intensity of immuno-staining. A comparison of adjacent sections processed for D 4 receptor and calbindin D 28k , a marker for the matrix compartment, revealed that D 4 IR is enriched in the striosomes (Figs 4a and b) . The main features of D 4 immunostaining in monkey striosomes were similar to those described previously for the rat. In short, more D 4 -positive neurones are found in striosomes than are found in the matrix. Neurones, as well as the surrounding neuropil, were more strongly labelled in striosomes than in matrix (Figs 4a and d) . As in the rat, the correspondence between calbindin-poor zones and D 4 -enriched areas was 100% (Figs 4a and b) . Neurones in the caudate nucleus showed more label than in the putamen, and striosomes in the caudate were more crisply defined than those found in the putamen. Caudal sections bear more label than the rostral ones, maintaining the rostro-caudal gradient that we have observed in the rat. However, this gradient was more evident in the putamen than in the caudate nucleus. The monkey neuropil displayed less D 4 receptor IR than that of the rat but the patchy distribution of the label in the soma and in the proximal part of the dendrites was similar. Intensely labelled cells were sparsely distributed in both caudate nucleus and putamen in a pattern that resembles the one found in rats.
Strikingly, in the cat striatum, no apparent zones of higher intensity than others were observed. The staining appeared somewhat homogeneously distributed in both caudate nucleus and putamen (data not shown) without any difference in the rostro-caudal axis. Label, in general, was less abundant than was observed in the rat or in the monkey striatum, and was restricted to the soma. In contrast to the obserbations made in the rat, mouse and monkey, all cells have apparently similar intensity and the neuropil was not evident. 
Ultrastructural localization of D 4 receptor in the rat striatum
The subcellular distribution of D 4 -receptors was studied in striosomes and matrix compartments of rat striatum, in coronal sections. We found no difference in the ultrastructural localization of these receptors between compartments. Positive immunoreactivity for D 4 receptors was primarily found in perikarya, dendrite shafts and dendritic spines.
The somatas that displayed D 4 IR were medium-size, with a big, round nucleus and a modest quantity of cytoplasm (Fig. 5a ). These morphological characteristics correspond to the typical medium-sized spiny projection neurones. The reaction products were found in patches and associated with the inner layer of the plasma membrane (Figs 5b and c) , endoplasmic reticulum (Figs 5b and d) , Golgi apparatus and mitochondria (Fig. 5b) . Sometimes, a remarkable concentration of immunoreactivity was observed and was associated with synaptic junctions of symmetrical synapses from unlabelled axon terminals 10 (Fig. 5b) . Precipitate was found in dendritic shafts of various diameters. Within the dendrites, patches of peroxidase products were associated with the plasma membrane and microtubules. Interestingly, the precipitate was always present in clusters, alternating with zones of negative staining (Figs 6a±c). Sparse afferent symmetrical synapses were observed in dendritic shafts, but immunoreactivity for D 4 was not associated with these synapses (Fig. 6c) . In all the cases studied, dendritic spines arising from positive dendrite shafts were also positive. The precipitate was mainly localized in the neck (Figs 6b and c). We found that the majority of positive dendritic spines received asymmetrical inputs from unlabelled terminals (Figs 6d and e) . Occasionally we found axon terminals that were immunoreactive for D 4 receptors, suggesting that in these cases the receptor was pre-synaptic (Fig. 7c) . In the few (2 out of 290) axons that we have found to be like this, the precipitate covered the bouton terminal with an even distribution in sharp contrast with the previously described label. In these two cases, the positive axon terminals formed asymmetric synapses with unlabelled dendritic spines.
Labelled myelinated and unmyelinated axons in the fibre bundles were observed. In the majority of cases, myelinated axons had a small diameter and were found forming groups of between three and four (Fig. 7a) . Positive unmyelinated axons were much less abundant than myelinated ones and were found alone, not in groups (Fig. 7b) .
Discussion
Dopamine D 4 receptor expression in the striatum
The classical dopamine receptors D 1 and D 2 are not only well-represented in the striatum, but this is probably the area that shows the highest concentration of both (Weiner et al. 1991; Levey et al. 1993; Yung et al. 1995) . On the contrary, the newly cloned dopamine receptors D 3 , D 4 and D 5 are also present in the striatum but in much lower concentrations (Ariano et al. 1997 11 ; Khan et al. 1998 Khan et al. , 2000 Diaz et al. 2000) . To date, the expression pattern of D 4 dopamine receptors has not been well characterized in the striatum. Our findings now provide immunohistochemical evidence that there is a substantial concentration of D 4 receptors immunoreactivity in the striatum, and demonstrate their regional, cellular and subcellular distribution. Thus, they are more concentrated in the striosomes than in the matrix and they are associated with the post-synaptic element, in dendrite shafts and dendritic spines.
Studies to determine the presence and relative quantities of D 4 receptors in the striatum have yielded disparate results, and therefore whether dopamine D 4 receptors play an important role in striatal function remains controversial. A number of different results have been reported with a variety of techniques. Thus, using immunohistochemistry, Ariano et al. (1997) and Defagot et al. (1997) found significant D 4 receptor IR in this area. By contrast, Mrzljak et al. 1996) 12 and Mauger et al. (1998) found only scattered D 4 positive neurones. These authors reported very low levels in the striatum and more intense staining in the globus pallidus and substantia nigra reticulata. On the other hand, ligand binding studies suggest that D 4 receptors are present in moderate quantities in the striatum, but in lower concentrations than in the hippocampus, cerebral cortex and amygdala (Murray et al. 1995; Primus et al. 1997; Tarazi et al. 1998; De La Garza et al. 2000; Defagot et al. 2000) .
Several authors (Matsumoto et al. 1995; Suzuki et al. 1995) studied the expression of D 4 receptors by assessing the relative levels of mRNA using RT-PCR, and found low levels in the striatum, substantia nigra and hipoccampus and higher levels in the pituitary, thalamus, amygdala and cerebellum. Low levels of D 4 receptor expression were also found in human caudate nucleus and cerebellum (Van Tol et al. 1991) . Using single-cell RT-PCR, Surmeier et al. (1996) reported low-to-moderate levels of D 4 receptors in striatal neurones and showed that this receptor, even in moderate quantities and in the absence of other D 2 -class dopamine receptors, is functionally active when stimulated by quinpirole.
In general, there is a tendency of higher D 4 receptor levels detected with immunocytochemistry or ligand binding methods than with RT-PCR, or in-situ hybridization techniques. In agreement with these observations, our own results show moderate quantities of D 4 receptor IR in neurones and neuropil within the striatum. The apparent discrepancy between the relative quantities of D 4 receptor protein and mRNA could have several explanations. It could be that the protein is very stable, and that translation of its mRNA is very efficient, or that the turnover rate of D 4 receptors is slow and therefore the mRNA levels are low. It is also possible that the receptors are localized presynaptically in the corticostriatal terminals or in other afferents innervating the striatum. However, this possibility is very unlikely based on our results at the EM level that demonstrates that D 4 receptors are mainly located post-synaptically. In addition, lesion studies carried out in our laboratory show that unilateral removal of the cortex (a major source of inputs to the striatum) does not result in significant changes in D 4 receptor levels (data not shown).
Heterogeneity of dopamine D 4 receptors distribution in the striatum
We have found that dopamine D 4 receptors are not homogeneously distributed within the striatum. There is an elevated level of D 4 receptors in striosomes compared with matrix in all areas of the striatum studied. At low magnification, striosomes stand out from the matrix as a result of the higher immunolabelling of D 4 receptors in this compartment. The number of cells expressing D 4 receptor IR in the striosomes is as much as two or three times the number in the matrix, about the same increase takes place in the neuropil. This distinctive expression pattern is also observed with the D 3 receptors that are expressed preferentially in the striosomes . In contrast, D 2 receptor expression is homogeneous (Levey et al. 1993) . Other components of the dopaminergic system also exhibit a differential striosomal/ matrix distribution, including the dopamine transporter (Graybiel and Moratalla 1989; Tan et al. 2000) . This distribution is important because striosomes project back to the substantia nigra pars compacta, the major source of dopamine in the caudoputamen, and so our results indicate that D 4 receptors may play a prominent role in controlling dopaminergic transmission in the striatum.
Matrix neurones receive projections from the sensory motor and associative areas of the cortex, whereas striosomes receive projections from the limbic areas, the inferior layers of the cingulate cortex, amygdala and thalamus (see Gerfen and Wilson 1996) . The differential expression pattern of D 4 receptors, enriched in the striosomal compartment, implies that dopamine can exert different effects mediated by the same receptor. This notion is based on the observation that the two striatal compartments have different functions because of their different connectivities. In addition, our findings suggest that dopamine, acting via D 4 receptors, preferentially mediates limbic functions characteristic of the striosomes as compared with motor functions via the matrix. The fact that similar distribution patterns were observed in four different species strongly suggests that the functions regulated by the D 4 receptor are conserved in mammals. Synaptic organization of D 4 receptors in the rat striatum At the subcellular level, D 4 receptors were found in somata, in dendritic shafts and in dendritic spines and very rarely (only two out of 290 cases) in axon terminals. Therefore, our results indicate that D 4 receptor IR in the striatum is essentially post-synaptic. The morphology of D 4 -positive neurones corresponds to that of medium-size spiny projection striatal neurones described previously (Bolam and Bennett 1995) . Moreover, the prominent immunolabelling in the neuropil corresponds to the labelling seen in dendritic shafts and in dendritic spines. Our results are in agreement with Surmeier et al. (1996) and show that medium-size projection neurones express D 4 receptors. However, more detailed studies should be performed in order to identify the phenotype of the striatal neurones that express D 4 receptors, with respect to either projection neurones or interneurones.
In dendritic shafts and dendritic spines, the immunolabelling of D 4 receptors was associated with the plasma membrane and microtubules. The post-synaptic localization of the D 4 receptors is in line with the ultrastructural organization of cortical and dopaminergic innervation of the striatal neuropil (Bolam and Bennett 1995) . Thus, our observations indicate that D 4 receptors could make connections with both corticostriatal and dopaminergic inputs and therefore could modulate excitatory or inhibitory transmission depending on the situation. Interactions between glutamate and dopamine have been described through NMDA and D 1 and D 2 dopamine receptors (Levine et al. 1996; Calabresi et al. 1999; Greengard et al. 1999; Svenningsson et al. 2000) . In all D 4 -positive synapses, the DAB precipitate occupies a central position in the post-synaptic membrane specialization and appears tightly anchored to synaptic proteins (yet to be identified). One of these proteins could be calcyon, which has been shown to functionally couple to D 1 receptors and to be colocalized with them in the postsynaptic density in dendritic spines (Lezcano et al. 2000) .
In D 4 -positive dendrites, we have observed with high frequency that the reaction product is localized in areas not associated with synapses. Extrasynaptic receptors have also been described for D 1 , D 2 and D 5 receptors (Bergson et al. 1995; Yung et al. 1995) . It is not known if these receptors are functional, but their localization suggests that they may be in the transport process from where they are synthesized to where they function, or they may represent spare receptors ready to be recruited to their synaptic position as needed.
The expression of D 4 receptors in myelinated and unmyelinated axons suggest that this dopamine receptor subtype is synthesized in other areas and transported to the striatum or to other areas throughout the striatum. That is the case of the cortex and the amygdala, regions that send axons to the striatum where they form asymmetric synapses with dendritic spines similar to those we observe in the striatum (Bolam and Bennett 1995) . The myelinated axons could correspond also to the efferences from the striatal projection neurones that express D 4 receptors. The unmyelinated axons may represent D 4 -positive axon collaterals associated with striatal neurones.
Our findings indicate that dopamine could mediate different functions activating the same D 4 receptor subtype, by virtue of its differential distribution in striosome-and matrix-based circuits of the basal ganglia. As D 4 receptors have been implicated in neurological disorders and drugaddiction, these results are of considerable biological and functional significance and may help to elucidate their role in basal ganglia related-disorders.
